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There  are  many  methods  to construct  true  triaxial  strength  criteria  for rocks.  Jaiswal  and  Shrivastva  (2012)
proposed  a strength  criterion,  named  J–S  criterion,  in  the  deviatoric  plane,  which  provides  nearly  the
same  misﬁts  for  true triaxial  test  data  as  the  exponential  criterion.  It is  difﬁcult  to  calculate  the  strengthccepted 16 May  2013
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rue triaxial strength criterion
eviatoric plane
xponential criterion
at  given  2 and  3 using  the  J–S criterion,  and  the  multiple  solutions  to the  nonlinear  equation  may  induce
confusion  and  mistake.  Strength  envelopes  in  deviatoric  planes  are  not  geometric  similar;  therefore,  true
triaxial  test  data  cannot  be  grouped  in the mean  stress  to check  strength  criteria  in  the  deviatoric  plane.
©  2013 Institute  of  Rock  and  Soil  Mechanics,  Chinese  Academy  of  Sciences.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
c
r
s
2
c

s
h

d
n
Tompression and extension strengths
. Introduction
The genuine state of three principal stresses (1, 2, and 3,
here compression is positive) existing in a rock should have an
uter envelope, i.e. strength criterion. It is a surface in the stress
pace, and written as
(1, 2, 3) = 0 (1)
Strength properties of rocks and strength criteria for rocks
re studied with tests of conventional triaxial compression
1 > 2 = 3) and extension (1 = 2 > 3) using cylindrical spec-
mens and true triaxial compression (1 > 2 > 3) using cubic
pecimens (Mogi, 2007).
Certainly, the conventional triaxial strength criterion, i.e.
 (S, 3) = 0 (2)
s the basis of all true triaxial criteria, and is on the safety side
or rock engineering after neglecting the effect of the intermediate
rincipal stress, where S is the conventional triaxial strength at∗ Tel.: +86 13639625278.
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sonﬁning pressure of 3. Therefore, a true triaxial strength crite-
ion must be checked thoroughly using the conventional triaxial
trength before it is used.
. Construction of true triaxial strength criteria
There are many methods to construct true triaxial strength
riteria for rocks. Criteria with the form
(1, 2, 3) = F((1, 2, 3)) (3)
uch as the Drucker-Prager criterion and the Mogi criterion, usually
ave some explanations about the failure of rocks; and variables of
 and  have practical mechanical concepts. The criteria may be
etermined by ﬁtting conventional triaxial test data, however, are
ot expected to express the strength under various stress states.
hose seemingly good correlations mainly result from the domi-
ant inﬂuence of the major principal stress in the metrics of  and
 (You, 2009).
A true triaxial strength criterion may  be modiﬁed from the
onventional triaxial strength criterion, as the following compre-
ension for the effect of the intermediate principal stress 2. There
re many micro-ﬁssures with various directions in rock specimens.
n a true triaxial compression test, the bearing capacity of micro-
ssure increases with the increasing 2, and enhances the strength
f specimen. On the other hand, the strength of specimen will
ecrease with the increasing 2, including failure in the 2-3
irection when 2 is high enough. It may  be concluded that the
tress resisting the failure of specimen is between 2 and 3 at low
M. You / Journal of Rock Mechanics and Geote
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Fig. 1. Deviatoric plane in stress space.
2 and the stress inducing failure of specimen is between 1 and
2 at high 2. Therefore,(
1,
k2 + 3
k + 1
)
= 0 (3 ≤ 2 ≤ ∗2) (4a)
(
k2 + 1
k + 1 , 3
)
= 0 (∗2 ≤ 2 ≤ 1) (4b)
The two equations are continuous at 2 = ∗2. True triaxial test
esults are needed to determine the parameter k. The uniﬁed
trength theory is a modiﬁcation to the Coulomb criterion (Yu,
998; Yu et al., 2009), which was analyzed in You (2008, 2013).
The direct way to construct a true triaxial strength criterion is
n explicit equation:
1 = S(3) + H(2, 3) (5)
here H is a function to describe the effect of the intermediate
rincipal stress 2. It is easy to verify the criterion by test data.
he exponential criterion with four parameters proposed by You
2009) may  ﬁt most test data and expose a few abnormal data with
uge errors (You, 2009, 2011, 2012):
S − 3 = Q∞ − (Q∞ − Q0) exp
[
− (K0 − 1)3
Q∞ − Q0
]
(6)
(2, 3) = QE
1.7(2 − 3)
S − 3
exp
[
1 − 1.7(2 − 3)
S − 3
]
(7)
here Q0 is the uniaxial compression strength, Q∞ is the limitation
f the differential stress when the conﬁning pressure increases up
o inﬁnite, K0 is the increasing rate of strength relative to the conﬁn-
ng pressure at the conﬁning pressure of 0, and QE is the maximum
nﬂuence of 2 on the strength. The criterion with ﬁve parame-
ers proposed by Raﬁai (2011) also has the form of Eq. (5), and was
ompared with the exponential criterion in You (2012).
The strength criterion is a loop in the deviatoric plane ( plane)
hat is vertical to the symmetry axis 1 = 2 = 3. As the symmetry
f the three principal stresses, we only need to investigate one sixth
f the loop, i.e. AB shown in Fig. 1. Points A and B are the stress
tates of conventional triaxial compression (2 = 3) and extension
1 = 2), respectively.
The projections of three principal stress axes in the deviatoric
lane are indicated with  ′1, 
′
2 and 
′
3, respectively. A Cartesian
oordinate system is set in the  plane, and y-axis is along the
r
“
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′
1, as shown in Fig. 1. The transform equations of variables are as
ollows:
 = 1√
2
(2 − 3) (8)
 =
√
2
3
(
1 −
2 + 3
2
)
(9)
The true triaxial strength criterion may  be constructed with the
ariables of x and y. The strength criterion proposed by Jaiswal and
hrivastva (2012), named J–S criterion, is
y
R
=
[
1 − a
(
x
R
)b]c
(10)
here a, b and c are parameters; and R is the distance of OA as shown
n Fig. 1. The variable R is calculated from the conventional triaxial
ompression strength criterion, i.e. the Hoek-Brown criterion with
wo parameters of C and m in Jaiswal and Shrivastva (2012).
Parameter L is the ratio of OB to OA, and satisﬁes
 sin

3
=
[
1 − a
(
L cos

3
)b]c
(11)
For a smooth strength envelope, the derivative of y to x is zero
t point A, and −tan (/3) at point B. Therefore, we have b > 1 and
bc
(
L cos

3
)b
= 1 − a
(
L cos

3
)b
(12)
Considering Eqs. (11) and (12), only two  parameters, c and L as
elected in Jaiswal and Shrivastva (2012), are independent among
arameters a, b, c and L.
. Evaluation of the J–S criterion
.1. Parameters in the J–S strength criterion
If the strength envelopes, i.e. the curve AB in various  planes,
re geometrically similar, the strength criterion has four indepen-
ent parameters, i.e. C, m,  c and L. Another hypothesis, no reason
as presented in Jaiswal and Shrivastva (2012), is made that the
arameter L is not a constant, but changes in a power form. The
ower number f is a new parameter, thus the criterion has ﬁve
ndependent parameters.
Parameters in above two cases were determined as a whole set
y ﬁtting test data of true triaxial compression. The correlations
mong parameters were presented as follows:
 = 1.5 − L (13)
 = 1 − 0.25log10(1 + 0.75m) (14)
However, the original parameters for above equations and their
orrelation coefﬁcients were not presented. The conclusion in
aiswal and Shrivastva (2012) was  that two parameters, C and m
n the Hoek-Brown criterion, are enough to construct a “3D smooth
onvex failure criterion”.
If this is true, we  may  carry out conventional triaxial com-
ression tests carefully to get enough test data of strengths under
arious conﬁning pressures, to determine the parameters C and
 in the Hoek-Brown criterion, and to calculate the parameters c
nd L using Eqs. (13) and (14). Certainly, we need ask whether the
–S criterion could describe the true triaxial strengths for the nine
ocks listed in Jaiswal and Shrivastva (2012). The answer should be
no”.
As we  know, criteria with two parameters are not able to
erfectly describe the relationship between conventional triaxial
414 M.  You / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 412–416
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Fig. 3. Conventional triaxial compression and extension strengths of Carrara mar-
ble  (Von Kármán, 1911; Böker, 1915) and ﬁtting envelopes using the exponential
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hig. 2. Conventional triaxial compression strength of Dunham dolomite and the
tting envelopes using the J–S criterion and the exponential criterion.
trength and conﬁning pressure, therefore numerous criteria with
hree parameters were proposed (You, 2010b; 2011).
.2. Mean misﬁt
The practical process of calculating strengths for given 2 and
3 from the J–S criterion was not clearly presented. Perhaps, there
as something wrong in the calculation in Jaiswal and Shrivastva
2012). For example, the mean misﬁt for Orikabe monzonite is
1.09 MPa  at “uniform extension ratio”, and 35.11 MPa  at “variable
xtension ratio”. However, the former is a special case of the lat-
er at the power number f of 1, and should present a larger mean
isﬁt.
The J–S criterion ﬁts the true triaxial test data of Dun-
am dolomite with mean misﬁts of 9.55 MPa  and 9.76 MPa  at
niform and variable extension ratios, respectively, lower than
hat from the exponential criterion as Jaiswal and Shrivastva
2012) claimed. However, we cannot recalculate the mean mis-
t and the ﬁtting envelope for the true triaxial test data, but
or the conventional triaxial test data merely, as shown in
ig. 2.
Mean misﬁts using the J–S criterion at uniform and variable
xtension ratios are 9.6 MPa  and 18.9 MPa  for the conventional tri-
xial compression strengths of Dunham dolomite, respectively. We
eally doubt the low mean misﬁt of 9.76 MPa  from the J–S criterion
t variable extension ratio for true triaxial strengths as mentioned
bove. Test data of true triaxial compression have larger dispersion
han that of conventional triaxial compression. As a reference, the
ean misﬁts are 2.5 MPa  and 14.9 MPa  for the conventional and
rue triaxial strengths, respectively, when 3 is less than 125 MPa,
sing the exponential criterion (You, 2012).
Clearly, the J–S criterion cannot describe the relation between
trength and conﬁning pressure, as shown in Fig. 2. The uniaxial
ompression strength predicated by the J–S criterion at variable
xtension ratio is 327.5 MPa, much higher than the real magnitude
f 262 MPa. The J–S criterion should not be available to analyze the
tability of wellbore, and to estimate the geo-stress from borehole
ollapse, for the minor principal stress in those cases is always low.
r
t
triterion. Test data were digitized from Haimson (2006), and presented in You
2010a).
.3. Distance ratio of extension point to compression point in 
lane
The ratio of OB to OA in  plane, L, is a key parameter in the
–S criterion. However, it was not studied in Jaiswal and Shrivastva
2012). In fact, this issue may  be deﬁnitely concluded from test
esults of the conventional triaxial compression and extension
trengths.
The pioneering works of conventional triaxial tests were car-
ied out by Von Kármán (1911) and Böker (1915), as shown in
ig. 3. Twelve test data may  be described with a mean misﬁt of
.3 MPa  using the exponential criterion of Eq. (5) at Q0 = 136.8 MPa,
∞ = 472.7 MPa, K0 = 4.06 and QE = 59.2 MPa  (You, 2010a).
Mogi conducted true triaxial tests 40 years ago, thereafter many
est apparatuses have been developed, as discussed and summa-
ized in Li et al. (2012). The exponential criterion ﬁts true triaxial
est data of Dunham dolomite (Mogi, 2007) with a mean mis-
t of 14.9 MPa  at Q0 = 262.0 MPa, Q∞ = 701.7 MPa, K0 = 6.15 and
E = 175.3 MPa  (You, 2012). The envelopes of conventional triax-
al compression and extension strengths from the ﬁtting solution
re shown in Fig. 4. Test data indicated with open circles are
trengths at 2 = 3 from true triaxial test. Test data with blan-
et and solid triangles are conventional triaxial compression and
xtension strengths from another dolomite block, respectively
Mogi, 2007). They are consistency to the ﬁtting solutions except
he uniaxial compression strength.
The distances of OA and OB in  plane are calculated from test
ata in Figs. 3 and 4, and shown in Fig. 5. The curves are calculated
rom the ﬁtting solutions using the exponential criterion, of which
he low limitations are at 3 = 0 MPa.
The ratio of OB to OA is not a constant in the test range of two
ocks. It increases from 0.731 to 0.897 with the mean stress m
rom 120 MPa  to 350 MPa  for Carrara marble, and from 0.700 to
.832 with the mean stress m from 200 MPa  to 400 MPa  for Dun-
am dolomite. Therefore, the J–S criterion at uniform extension
atio is not true for rocks. Also, there is a clear difference between
he conventional triaxial compression and extension strengths at
he same minor principal stress, as shown in Figs. 3 and 4. It may
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2olomite (Mogi, 2007) and ﬁtting envelopes using the exponential criterion deter-
ined by true triaxial test data (You, 2012). Test data indicated with triangles result
rom another block.
e argued that the Hoek-Brown criterion is used to calculate the
istances of both OA and OB.
Magnitude of OB calculated from any conventional triaxial crite-
ia at low mean stress, e.g. less than 200 MPa  for Dunham dolomite,
annot be checked using test results for 3 becomes tensile stress.
herefore, true triaxial criteria constructed in  plane, such as the
–S criterion would not have solid basement.
.4. Discussion
The Hoek-Brown criterion is generalized to describe conven-
ional triaxial strength for rock mass with an additional parameter
. However, there are no evidences to show that the J–S criterion
an describe the true triaxial strength for rock masses. The test data
sed in Jaiswal and Shrivastva (2012) are totally from specimens
f intact rocks.
It is difﬁcult to calculate the strength at given 2 and 3 using
he J–S criterion even at the case of uniform extension ratio.
he variable R in Eq. (10) needs to be calculated from the Hoek-
rown criterion that is an implicit equation after the mean stress
s given, but the mean stress is unknown before the strength 1 is
etermined. There are usually multiple solutions for the nonlinear
quation, which will induce confusion and mistake. For example,
he mean misﬁt using the J–S criterion at uniform extension ratio
or Orikabe monzonite, and for Dunham dolomite as well, is lower
han that at variable extension ratio, as presented in Jaiswal and
hrivastva (2012). The result different from our common knowl-
dge was not explained practically by the proposers.
As mentioned above, the ratio L is not a material-dependent
arameter for rocks, but changes with the mean stress. Therefore,
he strength envelopes in the deviatoric plane are not geometrically
imilar. Test data of true triaxial test are always grouped in 2 and
3, and cannot be plotted in the deviatoric plane with the same
ean stress to check the strength criterion.
It is better to present the whole set of parameters in the J–S
riterion, at least for Dunham dolomite, that can be recalculated
y the readers. Also, the comparison between test data and ﬁtting
urves should be exhibited in an efﬁcient way. It is needed for
m
t
o
aurves are calculated from the ﬁtting solutions using the exponential criterion, of
hich the low limitations are at 3 = 0 MPa.
upporting the J–S criterion to ﬁt the criterion for conventional
riaxial test data of Carrara marble and Dunham dolomite.
. Conclusions
For the convenience of the personal computer, strength criteria
re proposed and studied one after another (Jiang et al., 2011; Raﬁai,
011; Jaiswal and Shrivastva, 2012). True triaxial strength criteria
ay  be plotted and analyzed in the deviatoric plane, but the trueriaxial tests are always carried out under the given magnitudes
f the minor and intermediate principal stresses and test results
re difﬁcult to be grouped with the mean principal stress. There is
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